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A comparison was conducted, between 11 European National Metrology Institutes and EC-JRC, on
measurement of 137Cs activity concentration in fume dust. As test material an activity standard produced
from real contaminated fume dust was used. The standard material consisted of 13 cylindrical samples of
compressed fume dust. The material contained 137Cs and 60Co of reference activity concentrations of
(9.7270.10) Bq/g and (0.45070.018) Bq/g, respectively, for the reference date of 1 June 2013, de-
termined using the comparison results. The organization and results of the intercomparison, as well as
the process of obtaining reliable reference values are presented.
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license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Ltd. This is an open access article u
U, Institute for Transuranium
Fax: þ49 7247 951 99 744.
).1. Introduction
More than one half of the yearly steel production in the
European Union (EU) comes from recycling of metal scrap (IAEA,
2012). Radioactive ‘orphan’ sources may pass undetected through
the radioactivity controls at the entrance of the metal works, and
eventually be incorporated into the steel and/or its by-products.nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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137Cs and 60Co (IAEA, 2012). They mainly originate from radio-
active sources used in medical (e.g. from teletherapy units) and/or
industrial applications and follow different routes in the steel
production chain. The physical and chemical properties of 137Cs
favours its passing into the fumes and, after cooling, to the off-gas/
fume dust of the melting process. The 60Co is mostly trapped in the
melt with a small fraction possible to be found in fume dust
(UNECE, 2002). Together with slag, fume dust is one of the two
main by-products of metal works. Samples of fume dust may be
monitored for radioactivity using the same measurement system
that is used for metal.
In 2011 the ‘MetroMetal’ (Iodizing Radiation Metrology for the
Metallurgical Industry) project was launched in the framework of
European Metrology Research Programme (EMRP) organized by
Euramet and in which 13 European National Metrology Institutes
(NMIs) participated (Iodizing Radiation Metrology for the Me-
tallurgical Industry, 2015). A main aim was to address the issue of
reliable radioactivity monitoring in the steel industry. First, the
current status of radioactivity monitoring in European metal
foundries was established concluding, among other facts, that
there is a lack of traceable calibration standards for radioactivity
measurement in cast steel, slag and fume dust matrices. The
project responded to the identiﬁed needs by developing optimized
radioactivity measurement systems and traceable calibration
standards of these three matrices, which were also used to vali-
date the proposed calibration methods of such systems (García-
Toraño et al., 2014a). In this context an interlaboratory comparison
(ILC) was conducted for the determination of the 137Cs activity
concentration in the fume dust standard. The main objective of the
ILC was to test the performance of the methods developed in the
MetroMetal project for determining activity, which will be sug-
gested as a standard for end-users. The methods are based on high
resolution gamma-ray spectrometry using HPGe-detectors (Gar-
cía-Toraño et al., 2014b) and a well-deﬁned geometry with pre-
calculated correction factors for coincidence summing, geometry
and sample composition. A key feature is calculation of detection
efﬁciencies by Monte Carlo (MC) simulations using validated de-
tector models (Šolc et al., 2015). The ILC participants employed in
total 7 different MC codes and 2 numerical calculation approaches
combined with experimental efﬁciencies for determination of
detection efﬁciency and various corrections (e.g. for coincidence
summing).
The ILC further served as a means of characterization of the
activity concentrations in the fume dust material. For this purpose,
a second phase took place aiming to improve the analysis proce-
dure, by correcting for deviations of the source shape from a
perfect cylinder considered in MC simulations, and to extend the
activity standardization to include 60Co.Fig. 1. (From left) Fume dust source contaminated with2. Experimental
2.1. Organization
The ILC was organized in two phases. Phase I included137CPreparation of adequate number of samples and homogeneity
testing (PTB) and composition analysis (JRC, CIEMAT). Distribution of samples, technical protocol and reporting tem-
plate to participants. Measurements of samples at partners’ laboratories and re-
porting results for 137Cs activity concentrations to JRC. Final comparison and evaluation of 137Cs results.
The ILC Phase II was agreed after the results of Phase I were
disclosed and discussed among partners. The aim of Phase II was
to improve the analytical procedure in order to reach a reliable
reference value for the 137Cs activity concentration in the fume
dust standard and to extend the reporting to include 60Co and
establish a reference value for this additional radionuclide in the
fume dust standard. The improved procedure in Phase II consisted
on correcting the 137Cs reported values for the slight curvature of
container bottom.
Each of the 12 ILC-participants was provided one sample, and
associated detailed information (sample mass, dimensions and
elemental composition including container data). They were re-
commended to determine the 137Cs activity concentration, for a
reference date of 1 June 2013, by using gamma-ray spectrometry
and without altering the provided sample geometry.
2.2. Samples
The raw fume dust material containing 137Cs and 60Co was
provided by the Siempelkamp Nukleartechnik GmbH melting
plant for radioactively contaminated residual substances in Kre-
feld, Germany (Quade and Kluth, 2009).
The homogeneity testing and preparation of the inter-
comparison samples was realized at PTB. The total number of
samples produced was 13. In order to achieve a ﬁxed sample
geometry, the fume dust of (50.2070.01) g was compressed to
54% of its initial volume, using three inner plastic discs, in a her-
metically closed polyethylene container (diameter 6.95 cm, height
1.87 cm, wall thickness 0.10 cm) (see Fig. 1). In such manner the
reproducibility of the analysis, in terms of mathematical efﬁciency
calibration, was estimated to be of better than 2%.
For the elemental composition analysis (Table 1) of the fume
dust, X-ray Fluorescence Analysis (XRF), using an Axios (Panaly-
tical) instrument, was applied at CIEMAT on pellets of the same
material prepared at JRC-IRMM. The pellets were of mass
(6.670.1) g and were prepared in 32 mm7.9 mm Al cups. Thes and 60Co in the container, inner discs and lid.
Table 1
Elemental composition of fume dust as determined by XRF performed on a fume
dust pelleta,b.
Element Weight fraction, % Element Weight fraction, %
Zn 73(1) Sb 0.05(3)
Oa 23(1) Al 0.050(6)
Cb 1.5(1) Cd 0.027(4)
Fe 1.5(1) Mn 0.024(5)
Pb 0.60(6) Ca 0.013(1)
Br 0.33(4) Ni 0.008(3)
Cl 0.20(2) P 0.0043(4)
Si 0.083(6)
a The oxygen content was calculated by difference.
b The carbon content was obtained by combustion (U.S. EPA, 1983).
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neox 25 t and the mass was determined gravimetrically. The
carbon content (Table 1) was determined by combustion (U.S. EPA,
1983) in an induction furnace in the presence of oxygen gas. A
LECO CS- 244 elemental analyser was used for this purpose. The
amount of carbon dioxide was measured by an infrared detection
method.
The homogeneity testing of the material was carried out using
relative gamma-ray spectrometry measurements of all 13 samples
performed under the same measurement conditions and position
on the PTB detector. The results of the count rates, normalized to
sample mass, for the peaks of 137Cs and 60Co are shown in Fig. 2 in
which homogeneity between samples is demonstrated with re-
spect to the measurement uncertainties. The latter were of the
order of 0.6% and 3.2% for 137Cs and 60Co, respectively, and reﬂect
counting statistics. The standard relative deviations of the results
for 137Cs and 60Co, of 0.35% and 3.74%, respectively, were taken
conservatively as the uncertainty components from homogeneity
study in the subsequent determination of the nuclides’ reference
activity concentrations. The higher inhomogeneity component of
60Co as compared to the one of 137Cs partially reﬂects the poorer
counting statistics due to the lower activity concentration of this
radionuclide.
Uncertainty due to material instability was disregarded based
on the sample preparation procedure which did not allow sig-
niﬁcant changes with time or transport. At JRC one of the mea-
surements (of source to detector distance of 20 cm) of their test
sample was repeated after a period of 7 months showing good
stability within the elapsed time. In particular, the 137Cs activity
concentrations resulting from the ﬁrst and second measurements
were (9.7070.25) Bq/g and (9.6970.25) Bq/g, respectively. The
activity concentrations measured for 60Co before and after this
period were (0.50270.013) Bq/g and (0.50270.016) Bq/g,Fig. 2. Count rate per unit mass for 137Cs (662 keV) and 60Co (1173 keV) peaks
measured at the same position on PTB detector. The uncertainty bars correspond to
counting statistical uncertainty and red lines to the mean71s. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)respectively. Although not expected, any effect of transport was
reﬂected in the reported results of the participants as the samples
had been transported to 12 countries for the purposes of the ILC.
2.3. Analysis methods
The participants analysed the ILC samples applying the meth-
ods developed for end-users within the MetroMetal project (Šolc
et al., 2015). More speciﬁcally, they used high resolution gamma-
ray spectrometry and different calibration methods (experimental,
mathematical and combined ones) to determine the activity con-
centration of 137Cs. In total 7 different MC and 2 numerical codes
were used to calculate the detection efﬁciencies and True Coin-
cidence Summing (TCS) corrections, where applicable. Two part-
ners applied absolute efﬁciency calibration using their validated
MC detector models and the others applied efﬁciency corrections
to the experimental efﬁciencies for standard sources (efﬁciency
transfer approach). The distances from the detector end-cap to the
bottom of the sample ranged between participants from in-contact
to 17 cm. The nuclear decay data were obtained fromMonographie
BIPM-5 (Bé et al., 2013), which is identical to the Decay Data
Evaluation Project (DDEP) data (Browne et al., 2001). Participants
reported their results of activity concentrations, Alab, in Bq/g with
the associated combined standard uncertainty, ulab.
2.4. Evaluation parameters
The participants’ results were evaluated against the ILC re-
ference values, Aref, for each nuclide. Aref represented the ILC
consensus value derived as the power moderated mean (pmm)
(Pommé, 2012) of all reported activity concentrations, Alab, for
each nuclide. The standard uncertainty of Aref for each nuclide, uref,
combined the uncertainty components from characterization,
upmm, and homogeneity, uhom, as follows:
u u u (1)ref pmm hom
2 2= +
Performance statistics were calculated including relative de-
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whereU d k d( ) u( )i i= is the expanded uncertainty of the difference
di¼A Alab ref− and ζ the zeta-score for the lab i for coverage factor
k¼2. Since Alab and Aref are correlated du( )i is calculated using the
following equation (Pommé, 2012; Ratel, 2005):
d wu ( ) (1 2 )u u (4)i i i ref
2 2 2= − +
where wi are the normalized weights used in the calculation of the
pmm and upmm (ISO, 2005). The En values E 1n| | ≤ , E 1n| | > , and
E 1.5n| | > were interpreted as showing compatibility, signiﬁcant
difference from Aref , or need for investigation (action signal),
respectively, at 95% conﬁdence level.3. Results and discussion
All 12 participants reported results for activity concentrations
of 137Cs (Phase I) and 60Co (Phase II).
The reported results for 137Cs of Phase I are shown in Fig. 3.
They were obtained considering cylindrical source shape in a
Fig. 3. Laboratory results (Phase I) for 137Cs activity concentration in fume dust (ref.
date 1 June 2013). Uncertainty bars represent Ulab , calculated from the reported
combined standard uncertainties, for k¼2 and red lines the A Uref ref± (k¼2). (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)
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(NCBJ) who took into consideration the slight curvature of the
container bottom, by using a calibration standard in identical
container as the ILC sample. After the disclosure of the results it
was agreed for POLATOM to apply a correction of þ3.2% to their
reported value. This correction, which had not been included in-
itially, was calculated by MC and reﬂected the higher self-at-
tenuation of gamma rays in the partner´s ILC sample (of density
0.707 g cm3) as compared to the one in their standard (of density
0.65 g cm3) due to density difference. From the 12 reported re-
sults for 137Cs, 9 deviated by o5% from the reference value, 2 in
the range between 5% and 10% and 1 by 410%. The latter devia-
tion (POLATOM) was associated with the instability of the one of
two detectors used in the measurements at the speciﬁc laboratory.
The results of 60Co activity concentrations (see Fig. 4) were
analyzed and reported during Phase II of the ILC. The participants
applied the improved analytical method by accounting for the
container curvature which in turn biases the geometry of the
source. Of the 12 60Co reported results, 9 deviated by o5% from
the reference value, 2 in the range between 5% and 10% and 1 by
410%. The latter corresponds to the sample (number 13) showingFig. 4. Laboratory results (Phase II) for 60Co activity concentration in Siempelkamp
Fume Dust (ref. date 1 June 2013). Uncertainty bars and red lines as in Fig. 3. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)the higher deviation, of 8%, from the mean during the homo-
geneity measurements (Fig. 2). A comparison between the two
plots (a) the reported 60Co values vs sample number (not shown
here) and (b) homogeneity plot (Fig. 2), revealed a similar pattern.
Plotting the independent participant values as a function of the
homogeneity measurements indicated possible linear correlation
for 60Co. The 60Co reported data were not corrected for the cor-
relation. The effect was accounted for in the uncertainty of the 60Co
reference value uref (Eq. (1)) by introducing the component from
homogeneity study of 3.74% (see 2.2). After conducting the same
test for 137Cs, no correlation was observed. Nevertheless the un-
certainty component uhom of 0.35% (see 2.2) was considered in uref
for 137Cs.
The reported uncertainty budgets of the participants included
different components. Common components were counting sta-
tistics, weighing, counting time, decay data and efﬁciency cali-
bration. Few participants reported uncertainties due to sample
parameters, sample positioning, spread between different mea-
surements, pile-up and decay during counting. The reported
combined standard uncertainties ranged between 1.5% and 6.2%
for 137Cs and between 2.2% and 7.6% for 60Co (expanded un-
certainties for k¼2 are shown in Figs. 3 and 4, respectively).
By comparing Figs. 3 and 4, one can identify no systematic
behaviour in the participants´ predictions with respect to the
mean activity concentrations for 137Cs and 60Co, respectively.
Further to the superior homogeneity of 137Cs in the fume dust as
compared to the one of 60Co, this non-systematic behaviour may
be attributed to the differences in the efﬁciency calibrations be-
tween the analyses of the two nuclides, in the majority of the
individual laboratories. The differences consisted on the following:
(a) for 60Co the participants (except POLATOM which used a cali-
bration source of same size, matrix and nuclide content as the
sample) calculated and applied coincidence summing correction
factors on the calculated efﬁciencies and (b) the results of 137Cs
(Fig. 3) correspond to ILC Phase I while the ones of 60Co (Fig. 3) to
Phase II and as such to non-corrected and corrected efﬁciencies,
respectively, for the curvature of container bottom. The later cor-
rections were calculated or estimated in each individual
laboratory.
The improved analytical procedure (taking into account the
curved container bottom) of ILC Phase II resulted in an effect on
the calculated detection efﬁciencies for 137Cs which ranged be-
tween 0% and 7% depending on the detector type and measure-
ment distance used by each participant. In Table 2 the evaluation
parameters and the reduced observed χ-values of the ILC are
summarized for both phases of the ILC and 137Cs and 60Co nu-
clides. No ‘action signal’ was recorded with respect to En statistics,
which indicates the validity of uncertainty estimations by the
participants. The values of the evaluation parameters shown in
Table 2 are improved for 137Cs Phase II as compared to the ones ofTable 2
Summary of ILC evaluation parameters.
Nuclide-
phasea
Aref , Bq/g χ No of labs with
Drel| | | En |
r5% 45% and
r10%
410% r1 41 and
r1.5
137Cs-I 9.58(14) 1.40 9 2 1 9 3
137Cs-II 9.72(10) 1.04 10 1 1 11 1
60Co-II 0.450(18) 1.26 9 2 1 12 –
60Co-IIbb 0.450(18) 0.82 11 – 1 11 1
a 137Cs results reported in ILC Phase I and II and 60Co only in Phase II.
b 60Co results of Phase II after applying corrections for inhomogeneity.
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respect to container/source shape deﬁnition. En compatibility of
100% is observed for the case of 60Co.
The results of Phase II were used to derive the reference activity
concentrations in the fume dust standard of (9.7270.10) Bq/g and
(0.45070.018) Bq/g, respectively, for the reference date of 1 June
2013. It is noted that the value for 60Co is not altered if the re-
ported results are corrected for inhomogeneity (case 60Co-IIb in
Table 2) although the spread of the results is improved in this case.4. Conclusion
This ILC was part of the MetroMetal research project. It did not
aim at testing the proﬁciency of the participants, but at assisting
the development of a reference procedure for radioactivity mea-
surement in metallurgical fume dust. Furthermore, the ILC results
were used to determine the reference radioactivity concentrations
in the fume dust standard for radioactivity monitoring in metal
foundries. The ILC results demonstrated the validity of the pro-
posed methods for the measurement of 137Cs and 60Co in fume
dust. The validated MC detector models assisted the improvement
of the analysis. The ILC results were further used to determine the
reference activity concentrations in the material.
The availability of tested methods and of the new fume dust
activity standard will contribute in ensuring reliable measure-
ments of radioactivity in the EU metal industry. The study may
further provide useful input towards establishing a methodology
for production of a certiﬁed reference material (CRM) of fume dust
matrix with 137Cs and 60Co.Acknowledgements
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